Neurotherapeutics for the treatment of central nervous system (CNS) disorders must overcome challenges relating to the blood-brain barrier (BBB), brain tissue penetration, and the targeting of specific cells. Neuroinflammation mediated by activated microglia is a major hallmark of several neurological disorders, making these cells a desirable therapeutic target. Building on the promise of hydroxyl-terminated generation four polyamidoamine (PAMAM) dendrimers (D4-OH) for penetrating the injured BBB and targeting activated glia, we explored if conjugation of targeting ligands would enhance and modify brain and organ uptake. Since mannose receptors [cluster of differentiation (CD) 206] are typically over-expressed on injured microglia, we conjugated mannose to the surface of multifunctional D4-OH using highly efficient, atom-economical, and orthogonal Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC) click chemistry and evaluated the effect of mannose conjugation on the specific cell uptake of targeted and non-targeted dendrimers both in vitro and in vivo. In vitro results indicate that the conjugation of mannose as a targeting ligand significantly changes the mechanism of dendrimer internalization, giving mannosylated dendrimer a preference for mannose receptormediated endocytosis as opposed to non-specific fluid phase endocytosis. We further investigated the brain uptake and biodistribution of targeted and non-targeted fluorescently labeled dendrimers in a maternal intrauterine inflammation-induced cerebral palsy (CP) rabbit model using quantification methods based on fluorescence spectroscopy and confocal microscopy. We found that the conjugation of mannose modified the distribution of D4-OH throughout the body in this neonatal rabbit CP model without lowering the amount of dendrimer delivered to injured glia in the brain, even though significantly higher glial uptake was not observed in this model. Mannose conjugation to the dendrimer modifies the dendrimer's interaction with cells, but does not minimize its inherent inflammation-targeting abilities.
Introduction
The central nervous system (CNS) is a highly sophisticated and complex system by design, posing formidable challenges for drug and gene delivery to treat CNS disorders. One of the major challenges in treating CNS disorders is the poor transport of many potentially therapeutic molecules across the blood brain barrier (BBB) [1] [2] [3] [4] . The discovery of novel drug delivery approaches that cross the BBB, penetrate brain tissue, and target injured regions within the brain is critical. Activated microglia-mediated neuroinflammation is a major hallmark of various neurological diseases making it a potential therapeutic target for drug delivery. In this regard, dendrimer based nanomedicine to target neuroinflammation for the delivery of drugs and imaging agents to specific cells in the brain has shown immense potential toward the treatment of neurological disorders [5] [6] [7] .
Among the multitude of nanoparticles being evaluated for biomedical applications, dendrimers stand out as a well-defined, hyperbranched, monodisperse, highly flexible and easily tunable nano-platform [8] [9] [10] [11] [12] . Owing to their commercial availability, water solubility, and relatively high biocompatibility, polyamidoamine (PAMAM) dendrimers have been widely explored for their potential in drug and gene delivery [13] [14] [15] [16] . Hydroxyl-terminated PAMAM dendrimers (D-OH) specifically have been shown to be non-toxic, to have a low immunogenicity, and to not activate the complement system [17] . Our group has reported that generation 4 D-OH (D4-OH) without any targeting ligand can cross the impaired BBB and selectively target activated microglia and astrocytes in multiple small and large animal models of neuroinflammation associated with the brain and retina upon systemic administration [18] [19] [20] . These models include a rabbit model of cerebral palsy (CP) [18] , a rat model of retinal degeneration [21] , a mouse model of neonatal stroke [22] , a canine model of hypothermic circulatory arrest induced brain injury [23] , and a primate model of ischemic optic neuropathy [24] . Toward our goal for improved targeting of neuroinflammation with this dendrimer platform, we envisioned that the anchoring of specific ligands, which can target receptors on injured microglia, might further enhance the glial uptake and retention of the dendrimer.
Mannose receptor [Cluster of Differentiation (CD) 206] is an endocytotic receptor found on macrophages and dendritic cells in the periphery as well as on microglia and astrocytes in the CNS [25, 26] . In many cases CD 206 is upregulated in response to inflammation [22, 27] and is one of several mechanisms of phagocytosis and endocytosis utilized by immune cells [28] [29] [30] . When mannosylated enzymes are bound to the receptor, the ligand is phagocytosed or endocytosed and transferred to lysosomes to be broken down. This mechanism is a property of the anti-inflammatory process that occurs after the cause of inflammation is addressed during the pro-inflammatory response. Since we have extensively studied the remarkable potential of PAMAM dendrimers for the targeted delivery of antioxidant and anti-inflammatories in maternal uterine inflammation-induced cerebral palsy (CP) rabbit model, we chose to study the effect of targeting mannose receptors in this CP model. CP can result from various traumas and stressors pre-or perinatally however as of late, there are few therapeutic options to decrease the severity of CP. Using this rabbit model, we have ascertained that chronic inflammation in this model of CP is critically related to the severity of the CP phenotype. Hydroxyl PAMAM dendrimers have "intrinsic" specificity for activated microglia and macrophages in this CP model [18, 22] , we postulated that the addition of mannose [31] as a targeting ligand would facilitate increased uptake into the activated microglia and macrophages responsible for neuroinflammation.
We here present the synthesis of mannose-conjugated cyanine 5 (Cy5)-labeled G4 PAMAM dendrimers using click chemistry. Click chemistry is one versatile tool with shown applications in a variety of fields in chemistry including drug discovery, material science and polymer and dendrimer synthesis [32] [33] [34] . It has revealed itself brilliantly in the synthesis of backbones of dendrimers and dendrons, decoration and functionalization of dendrimer periphery, and conjugation of various bioactive ligands on the dendrimer surface [35] [36] [37] [38] . Among various click reactions, the regioselective Cu(I)-catalyzed azide-alkyne [1, 3] -dipolar Huisgen cycloaddition (CuAAC) is seen as a major breakthrough in biomaterials synthesis in the past decade [39, 40] . We used a combination of CuAAC and esterification reaction to convert the monofunctional D4-OH surface to trifunctional to attach mannose as a targeting ligand and Cy5 as a fluorophore while still keeping enough hydroxyl groups intact as to not interfere with the dendrimer's transport properties. We first investigated the ability of cells to engulf fluorescently-labeled targeted dendrimer (Mannose-DCy5) in vitro against non-targeted dendrimer (D-Cy5) in cells with and without CD206 overexpression and the quenching of mannose receptor by mannan. We further evaluated the biodistribution of Mannose-D-Cy5 as compared to D-Cy5 in a neonatal rabbit model of CP. This study involves the most in depth investigation so far of both the local and global biodistribution of dendrimer in this neonatal rabbit model of CP including microdissection of the cortex, hippocampus, and periventricular region, and the observed localization of dendrimer in cells other than macrophages and microglia in the brain. In addition to brain, the uptake of dendrimers is also assessed in all other major organs including heart, liver, lungs, kidneys, spleen, and plasma using quantification methods based on fluorescence spectroscopy and confocal microscopy. These findings will contribute the better design and delivery of nanotherapeutics and imaging agents for diseases mediated by neuroinflammation.
Materials and methods

Materials and reagents for intermediates and dendrimer synthesis
All reagents were used as supplied without prior purification unless otherwise stated. Hydroxyl-terminated, ethylenediamine core, generation-four polyamidoamine (PAMAM) dendrimer (D4-OH; diagnostic grade; 64 hydroxyl end-groups) was purchased from Dendritech Inc. (Midland, MI, USA). As received dendrimer was purified before use. Methanol was removed under reduced pressure to yield viscous oil. D4-OH dendrimer was re-dissolved in DI water and transferred to 3000 MWCO dialysis membrane and dialysed against 4 gal of Nanopure water for 36 h. The solution was stirred during dialysis, and water was changed 6-7 times at regular intervals. Purified dendrimer was lyophilized and dried to give hygroscopic white sticky material. Dendrimer was stored at −20°C under argon atmosphere. D-Mannose (99%), pyridine, acetic anhydride, boron trifluoride diethyl etherate, sodium methoxide solution, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride(EDC), 4-(dimethylamino)pyridine (DMAP),N,N′-diisopropylethylamine (DIPEA), trifluoroacetic acid (TFA), 4-pentynoic acid, γ-(Boc-amino)butyric acid (BOC-GABA-OH), copper sulphate pentahydrate, sodium ascorbate, anhydrous dichloromethane (DCM), anhydrous tetrahydrofuran (THF), and anhydrous dimethylformamide (DMF) were purchased from Sigma-Aldrich (St. Louis, MO, USA 
High performance liquid chromatography (HPLC)
The purities of intermediates and final dendrimer conjugate were analyzed using HPLC (Waters Corporation, Milford, Massachusetts) equipped with a 1525 binary pump, an In-Line degasser AF, a 717 plus autosampler, a 2998 photodiode array detector, and a 2475 multi λ fluorescence detector interfaced with Waters Empower software. A Symmetry C18 reverse phase column (Tosoh, Japan) having 5 μm particle size, 25 cm length, and 4.6 mm internal diameter was used. The HPLC chromatograms of the starting dendrimer (D4-OH) and all the intermediates were monitored at 210 nm and the final fluorescently labeled Mannose-D-Cy5 was monitored at both 650 and 210 nm using PDA and fluorescence detectors. A gradient flow was used in HPLC starting with 100:0 (H 2 O/ACN), gradually increasing to 90:10 (H 2 O/ CAN) in 10 min, to 50:50 (H 2 O/ACN) in 20 min and returning to 100:0 (H 2 O/ACN) in 40 min maintaining a flow rate of 1 mL/min.
Mass spectroscopy
Accurate mass measurements (HRMS) were performed on Bruker microTOF-II mass spectrometer using ESI in positive mode and direct flow sample introduction in CH 3 (X = Na, K, NH 4 ) were used for empirical formula confirmation. MALDI-TOF experiments were performed on Bruker Daltonics MALDI instrument. The conjugate was dissolved in UPH water at 5 mg/mL and 2, 5-dihydroxybenzoic acid (DHB) matrix was dissolved in 50:50 (v/v) acetonitrile:water mixture at 10 mg/mL concentration. A sample was prepared by mixing 10 μL of conjugate solution with 10 μL of DHB solution and 3 μL of the sample was spotted on a Bruker Daltonics MALDI plate.
Dynamic light scattering (DLS) and zeta potential (ζ)
The particle size and ζ-potential of D4-OH, and mannose conjugate were determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instrument Ltd. Worchester, U·K) equipped with a 50 mW He-Ne laser (633 nm). The conjugates (D4-OH and D4-mannose-NH 2 (9)) were dissolved in deionized water (18.2 Ω) to make solutions with a final concentration of 0.2 mg/mL. The solution was filtered through a cellulose acetate membrane (0.45 μm, PALL Life Science) and DLS measurements were performed in triplicate, at 25°C with a scattering angle of 173°.
Preparation of intermediates and final targeted dendrimer conjugate
All reactions were performed under dry conditions in an inert environment using distilled solvents. Reactions were monitored by analytical thin-layer chromatography (TLC) using silica gel 60 F254 precoated plates (E. Merck) and compounds were visualized with a 254 nm UV lamp, a mixture of iodine/silica gel and/or mixture of ceric ammonium molybdate solution (100 mL H 2 SO 4 , 900 mL H 2 O, 25 g (NH 4 ) 6Mo7O 24 H 2 O, 10 g Ce(SO 4 ) 2 ) and subsequent spots development by gentle warming with a heat-gun. Flash chromatography was performed using combiflash60.
Compounds 1 and 2 were synthesized following previously published procedures [33, 41] .
Synthesis of compound 3: To a stirred solution of peracetylated mannose 1 (715 mg, 1.83 mmol) in anhydrous DCM (15 mL) at 0°C boron trifluoride diethyl etherate (1.2 mL, 9.15 mmol) was added, followed by the addition of TEG mono tosylate 2 (1.113 g, 3.66 mmol). The reaction mixture was stirred at room temperature (RT) for overnight. The completion of the reaction was monitored by TLC. Upon completion, the reaction was diluted with DCM. The organic layer was washed with sodium bicarbonate solution, water and brine. The organic layer was then dried over anhydrous sodium sulfate, filtered and evaporated under reduced pressure to afford crude compound 3. The column purification was performed on combiflash using ethyl acetate and hexanes as eluent; and the pure fractions were obtained in 40% ethyl acetate in hexanes. The pure fractions were evaporated to yield the product as viscous oil. Yield: 69%. 
Synthesis of compound 5:
To a stirred solution of compound 4 (800 mg, 1.58 mmol) in anhydrous MeOH (2 mL) and anhydrous DCM (2 mL) sodium methoxide solution (25 wt% in MeOH, 0.5 mL) was added dropwise to adjust the pH 9-10 and the reaction mixture was left for stirring overnight. The reaction pH was then adjusted with acidic resin to reach 6. The resin was removed by filtration and the solvent was evaporated to yield a white solid. Yield: 90%. Synthesis of compound 7: To a stirring solution of compound 6 (551 mg, 0.03 mmol) in DMF (6 mL), BOC-GABA-OH (45.5 mg, 0.223 mmol), EDC (57.3 mg, 0.298 mmol), DMAP (36.5 mg, 0.298 mmol) were added, and stirring was continued at RT for 24 h. The reaction mixture was then dialyzed against water for 24H changing water after every 4H. The resulting aqueous solution was lyophilized to yield white solid. Yield: 72%. Synthesis of compound 8: To a stirred solution of compound 7 (458.04 mg, 0.03 mmol) in dry DCM (4 mL), TFA (3 mL) was added drop wise and stirring was continued for overnight at RT. The reaction mixture was diluted with methanol and evaporated on rotary evaporated. This process was repeated several times to remove traces of TFA. The residue was re-dissolved in anhydrous methanol and treated with A21 ion exchange resin to remove TFA salt. The resin was filtered off and the solvent was evaporated to afford compound 8 as off-white solid in quantitative yield. 
GABA linker).
Synthesis of compound 9: To a stirred solution of acetylene terminating dendrimer 8 (680 mg, 0.046 mmol) and mannose azide 5 (150 mg, 0.45 mmol) in a mixture of THF (2 mL) and (2 mL), a solution of CuSO 4 .5H 2 O (7 mg, 0.02 mmol) in distilled H 2 O (1 mL) was added followed by the addition of sodium ascorbate (11 mg, 0.06 mmol). The reaction was stirred at RT for 36 h. The reaction mixture was dialyzed using 1000 cut off dialysis membrane against water for 24H. Water was changed every 4 h. The aqueous solution was then lyophilized to obtain the product as white solid. Synthesis of compound 10: To a stirred solution of compound 9 (150 mg, 0.01 mmol) in DMF (3 mL), DIPEA (0.1 mL) was added, followed by the addition of Cy5 NHS ester (12 mg, 0.02 mmol) dissolved in 1 mL DMF. The stirring was continued at RT for 12H. The reaction mixture was dialyzed against DMF for 12h, changing DMF every 4h followed by the dialysis against H 2 O for 8h. The water was changed every 3h. The aqueous solution was then lyophilized to afford compound 10 as blue solid in % yield. Eagle Medium (Fisher) with 10% FBS (Fisher) and 1% penicillinstreptomycin (Fisher). Cells were maintained in an incubator at 37°C and 5% CO 2 with media replacements every two days and passaging utilizing 0.05% trypsin-EDTA (Fisher) when cells reached 80% confluence.
Uptake studies
We performed comparative uptake studies as previously reported [42] . Cells utilized were between passages 6 and 15. Sub-confluent cells were obtained from a 75 cm 2 flask with incubation 0.05% trypsin-EDTA followed by cell scraping. Cells were washed with and resuspended in fresh media. 6-well plates were then seeded with 3 × 10 5 cells each in duplicate and allowed two days to adhere and grow to 60-80% confluence. Cells were activated with LPS endotoxin (Escherichia coli serotype 127; B8: Sigma Aldrich, St Louis, MO) at a concentration of 100 ng/mL or exogenous interleukin 4 (IL-4) (Peprotech, Rocky Hill, NJ) at a concentration of 20 ng/mL for 3 h prior to treatment with dendrimer. CD 206 was blocked with mannan (Saccharomyces cerevisiae, Sigma) at a concentration of 100 μg/mL for 30 min prior to treatment with dendrimer. D-Cy5 and Mannose-D-Cy5 were applied to cells for a final concentration of 20 μg/mL and incubated with the cells for 8 h. Wells requiring LPS or Mannan were co-treated at 100 ng/mL and 100 μg/mL respectively. After 8 h, media was removed and wells were washed twice with sterile dPBS. Cells were then incubated in 1 mL of 0.05% trypsin-EDTA, and well bottoms were scraped to remove all cells. Wells were washed and trypsin-EDTA was neutralized with an additional 3 mL of fresh media. After counting the cells, they were pelleted at 1400 rpm for 3 min, media was removed, and cells were resuspended in 200 μL of methanol, transferred to a sterile Eppendorf tube, and stored at -80°C.
Dendrimer extraction and fluorescence quantification
Cells in methanol underwent three freeze-thaw cycles in liquid nitrogen as well as 10 min of homogenization with a stainless steel bead on a Bullet Blender Storm 24 tissue homogenizer (Next Advantage Inc., Averill Park, NY) at power level 4. Homogenates were then centrifuged at 15000 rpm for 10 min at 4°C to pellet cell debris. The supernatants were analyzed for fluorescence intensity of Cy5 (λ ex = 645 nm, λ em = 662 nm) on a RF5301PC spectrofluorophotometer running Pamorama3 software (Shimadzu Scientific Instruments, Columbia, MD) and adjusted for background fluorescence from untreated cells run in the same experiment. Dendrimer concentrations were then calculated based on previously created calibration curves for the specific batches of D-Cy5 and Mannose-D-Cy5 used.
Confocal imaging of uptake studies
For confocal imaging cells were seeded at 5 × 10 5 cells per dish in 35 mm glass bottom dishes coated in poly-D-lysine (MatTek Corporation, Ashland, MA, USA). Cells then were allowed to adhere and grow for two days before undergoing the same treatment scheme as in 2.4.2. After washing twice with sterile dPBS (5 min) dishes were incubated in 1 mL of cold 4% paraformaldehyde in dPBS at room temperature for 10 min. Wells were then washed once with DI water and incubated in 1 mL of cold 1:1 EtOH:Acetone for 5 min at room temperature. The EtOH:Acetone solution was then aspirated off and the dishes were allowed to dry at room temperature before storage at 4°C. Prior to immunohistochemical staining, cells were rehydrated by incubation in TBS (Fisher) for 5 min before they underwent 4 h of blocking and permeabilization in TBS with 0.1% Triton X (Sigma), 1% bovine serum albumin (BSA) (Fisher), and 5% normal goat serum (Fisher) at 4°C. After removing the blocking buffer, cells were incubated with rabbit polyclonal antibody to mouse mannose receptor (Abcam, Cambridge, UK) diluted 1:500 in TBS with 0.1% Triton X and 1% BSA at 4°C overnight. Cells were then washed with TBS with 0.1% Triton X three times for 5 min each at 4°C before incubation with AlexaFluor 488 goat anti-rabbit IgG (Life Technologies, Carlsbad, CA, USA) diluted 1:200 in TBS with 0.1% Triton X overnight at 4°C. Dishes were then washed two times for 5 min at 4°C with TBS with 0.1% Triton X and once for 5 min with TBS at 4°C. Cells were finally treated with NucBlue Fixed Cell Stain ReadyProbes Reagent (Life Technologies) for 10 min at 4°C before a final set of three washes in TBS at 4°C. Cells were stored at 4°C until imaging. Glass-bottom dishes were then imaged on a Zeiss 710 confocal microscope (Zeiss, Oberkochen, Germany) running ZEN software (Zeiss). All laser settings were kept the same between images, and z-stacks were processed into maximum intensity projections.
CD206 expression analysis
Raw 264.7 cells underwent the full growth and treatment scheme explained in 2.4.2 in 6-well plates and were utilized between passages 8 and 15. After washing twice with sterile dPBS, cells incubated in 1 mL of Trizol (Life Technologies) and washed in the Trizol supernatant until the well bottom appeared devoid of cells. Trizol samples were then transferred to RNA-free 1.5 mL Eppendorf tubes and stored at −80°C.
RNA was extracted by first a phase separation through the addition of 0.2 mL of chloroform (Sigma) to each Trizol sample having been thawed on ice. After incubating at room temperature for 3 min, the samples were centrifuged at 12000 ×g for 15 min at 4°C. The aqueous layer was then transferred to a new PCR-clean Eppendorf tube to which 0.5 mL of isopropanol (Sigma) was added to precipitate the RNA. Following a 10 min incubation at room temperature, samples were centrifuged at 12000 ×g for 10 min at 4°C, after which the supernatant was removed. The RNA pellets were then washed with 1 mL of 75% EtOH in DEPC water (Fisher) by brief vortexing before precipitating again via centrifugation at 7500 ×g for 5 min at 4°C. The supernatant was removed and the pellets were allowed to air dry for 10 min after which the RNA was resuspended in 20 μL of DEPC water and analyzed for content and purity on a Nanodrop 2000 Spectrophotometer (Fisher). Any samples with AD260/AD280 values lower than 1.60 were discarded.
RNA samples were converted to cDNA with a high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) and incubation on a T100 Thermal Cycler (Bio-Rad, Hercules, CA). cDNA was stored at −80°C until RT-qPCR. Samples were mixed with fast SYBER green master mix and either murine GAPDH Female New Zealand white rabbits (2.2-2.5 kg) were procured from Charles River (state, USA). All animals were housed at 22°C, 50% relative humidity and 12-h light/dark cycle. All protocols were approved by the Johns Hopkins University Animal Care and Use committee (ACUC).
Neonatal rabbit model of cerebral palsy
In accordance with previously published protocols [43] [44] [45] pregnant female rabbits were subjected to a laparotomy on the 28th day of gestation (G28). In this procedure, 3200 units of the endotoxin LPS (Escherichia coli serotype 127; B8: Sigma Aldrich, St Louis, MO) was injected into the uterine wall (distributed equally along uterus). Two days later on gestational day 30/PND 0, labor was induced using Pitocin® (JHP Pharmaceuticals; Rochester, MI). After delivery, newborn rabbit kits were given 1 mL of Lactated Ringers saline solution (Hospira; Baltimore, MD) and 1 mL of rabbit milk replacer (Wombaroo; South Australia, Australia). Kits were kept in incubators maintained at a temperature of 32-35°C and relative humidity of 50-60%.
PND 0 injections
Both D-Mannose-Cy5 and D-Cy5 (55 mg/kg each; 200 μl injection volume) were injected intravenously (i.v.) on postnatal day 0 (PND0). At either 1, 4, or 24 h post-injection, rabbit kits were euthanized with 200 μL of euthasol delivered intraperitoneally, and perfused transcardially with 50 mL of dPBS after a blood sample was drawn from the right atrium.
Dendrimer extraction and fluorescence quantification
Tissue samples were analyzed for biodistribution through homogenization and extraction as previously published in a blinded manner [37] . The brain was bisected; one hemisphere of each brain was preserved for microscopy in formalin for 48 h and then increasing concentrations of sucrose solution (15%, 30%) for 24 h each. The other hemisphere of the brain in addition to the heart, lungs, liver, kidneys, and spleen were frozen on dry ice and maintained at −80°C until processing. The blood sample was centrifuged in a heparin-coated tube (Sigma), and the plasma supernatant was removed and stored at −80C in a protein lo-bind Eppendorf tube (Sigma). At a later time the organs were thawed, massed, and dissected. Samples from each organ (3 from liver, lungs, kidneys, 2 from heart; 1 from spleen, cortex, hippocampus, and periventricular region) were homogenized in methanol in a 1 mL:100 mg tissue ratio with 0.9-2.0 mm stainless steel homogenization beads on a Bullet Blender Storm 24 tissue homogenizer (Next Advantage Inc., Averill Park, NY) for 10 min at power level 6 for brain and spleen, and power level 12 for heart, liver, lungs, and kidneys. Homogenized samples were centrifuged at 15000 rpm for 10 min at 4°C, then the supernatant was transferred to a protein lo-bind Eppendorf tube and stored at −80°C. Plasma was diluted 10-fold in dPBS then passed through a 0.2 μm pore PES filter. Before measuring fluorescence intensity, HPLC analyses of supernatants were carried out to confirm the stability of the conjugates in vivo. The fluorescence intensity of Cy5 (λ ex = 645 nm, λ em = 662 nm) in each sample was determined with a RF5301PC spectrofluorophotometer running Pamorama3 software (Shimadzu) and adjusted for background fluorescence from healthy control tissue. The fluorescence intensity values were then converted to dendrimer concentrations through batch-specific calibration curves for D-Cy5 and Mannose-D-Cy5, upon unblinding of sample identifications.
IHC and imaging
Once sunk in 30% sucrose PBS, formalin-fixed brains were sectioned at 30 μm using a cryostat and saved in six series. One series of slides was incubated in 3% Donkey serum (in 0.1% Triton PBS) for 30 min, then in goatanti-Iba1 (Abcam) and mouse anti-mannose receptor (Abcam) for 15-18 h (1:500 in 0.1%Triton PBS) at 4°C. Once the incubation in primary antibodies was complete, the slides were washed with PBS (2 × 2 min) and then incubated in Alexa Fluor 488 donkey anti-goat and Alexa Fluor 594 donkey anti-mouse (Fisher) and then incubated in DAPI for 15 min (1:1000 in PBS). After 2 more washes in PBS, slides were allowed to dry, and once dry were coverslipped using Dako mounting medium (Agilent Technologies, Santa Clara, CA). Slides were allowed to dry overnight in the dark. Tissue sections were imaged using a Zeiss LSM 710 confocal microscope. Utilizing Zen software (Zeiss), zstacks (slice thickness 1 μm) were taken at various magnifications. All tissue was imaged using the same settings.
Statistical analyses
All data are presented as means ± standard error of the mean (SEM). The analyses were conducted in Statistical Package for the Social Sciences (SPSS v. 23; IBM) and Graphpad Prism (version 6; La Jolla, CA). Two-way ANOVAs were utilized for cell uptake work followed by Student's t-test with p < 0.05 used as the criterion for significance. For in vivo work, two-way ANOVAs were conducted to analyze the effects of time (1, 4, 24 h) and dendrimer type (D-Cy5; Mannose-D-Cy5) on uptake in various organs and serum. Post-hoc analyzes between treatments groups at various timepoints were conducted using unpaired t-tests. All a priori tests utilized a p value of 0.05. All post-hoc t-tests utilized a Bonferroni-corrected p value of 0.0167 to correct the alpha level to account for multiple comparisons. In figures * signifies p < 0.05, ** p < 0.01, and *** p < 0.001.
Results and discussion
Synthesis and physicochemical characterization of mannose receptor targeted fluorescently labeled hydroxyl PAMAM dendrimer conjugate (mannose-D-Cy5)
To compare brain uptake and retention as well as overall biodistribution of mannosylated dendrimer with non-targeted dendrimer (D4-OH without any targeting ligand), mannose was modified and appended on the surface of D4-OH followed by the attachment of an imaging agent, Cy5, as a fluorescent tag. Initially, this dendrimer having 64 terminal hydroxyl groups is monofunctional, and, to introduce both targeting and imaging modalities, the surface of the dendrimer was modified to have multiple functions, which could participate in different chemical transformations independent of each other. Since conjugation reactions on macromolecules are often hampered by interactions with other functional moieties present, the chemical transformations for attachment of the ligands were carefully chosen to be highly selective and specific and to not interfere with the dendrimer surface itself. Mannose-conjugated fluorescent dendrimer was synthesized using a highly efficient and versatile CuAAC click chemistry [46] in combination with Steglich reaction [47] . The preparation of Mannose-D-Cy5 involved three main steps: 1) attachment of an orthogonal linker with azide terminal on mannose molecule (Fig. 1A) , 2) synthesis of trifunctional dendrimer containing hydroxyl, acetylene, and amine functional groups (Fig. 1B) , and 3) conjugation of mannose and Cy5 to construct the final conjugate (Fig. 1C) . Details of the synthesis are described below:
Synthesis of azide-terminated triethylene glycol (TEG) conjugated mannose (5)
Mannose was modified to attach a TEG linker with azido focal point to participate in click reaction (Fig. 1A) . The purpose of attachment of TEG linker is to provide flexibility to the targeting ligand for easy access to the receptors on the cell surface. The synthesis of mannose-TEG-azide (5) began with peracetylation of commercially available D-(+)-mannose using acetic anhydride and pyridine to protect the hydroxyl groups. Monotosyl TEG was attached via boron trifluoride etherate (BF 3 ·Et 2 O) promoted glycosylation reaction to yield compound 3 with tosyl end-group. The tosylate function was further converted into an azido derivative 4 using sodium azide in DMF. The proton NMR clearly revealed the disappearance of tosyl signals in the aromatic region. Finally, the peracetate 4 was treated under typical Zemplén conditions (NaOMe-MeOH) to obtain completely de-O-acetylated mannose-TEG-N 3 (5) with a 90% yield. The completion of the reaction was confirmed by 1 H NMR showing the complete disappearance of four distinct signals of acetyl protons from 2.16-1.99 ppm (SI). HRMS mass spectrometry also confirmed the formation of product showing mass peak corresponding to the sodium adduct (SI).
Synthesis of trifunctional dendrimer (8)
The surface of monofunctional D4-OH was modified to have two additional functions (5-6 alkynes and 1-2 amines) for appending additional ligands; a targeting agent, mannose; and an imaging dye, Cy5 (Fig. 1B) . Only 10% (6-8 groups) of the hydroxyl surface groups of the dendrimer were modified to largely retain the inherent physico-chemical properties of the dendrimer. Chemical reactions were selected that could sustain the presence of a variety of functional groups, did not cause non-specific interactions and cross-reactivity with other functional moieties, and were highly efficient. We chose CuAAC click reaction based on its unique features such as high reaction yields, minimum side products, easy purification, and tolerance to a variety of solvents and functional groups. The synthesis of a trifunctional dendrimer started from commercially available D4-OH. An esterification reaction was carried out with 4-pentynoic acid using EDC/DMAP in DMF to obtain dendrimer 6 with acetylenes on the surface. 1 H NMR revealed the attachment of 5-6 alkyne linkers by comparing the integration of peaks for internal amide protons of dendrimer in between 7 and 8 ppm with methylene protons which show a clear shift at 4.02 ppm upon esterification ( Fig. 2A) . HPLC also confirmed the formation of product showing a shift in retention time from 22.4 min for D4-OH to 21.9 min for D4-pentyne (Fig. 2B) . Subsequent esterification was carried out on dendrimer 6 with BOC-GABA-OH to attach 1-2 linkers with BOC protected amine on dendrimer 7.
1
H NMR depicted the appearance of BOC protons at 1.3 ppm (Fig. S11) . BOC groups in 7 were deprotected using trifluoroacetic acid (TFA) and the product as a TFA salt was treated with ion exchange resin to obtain trifunctional dendrimer 8 with 5-6 pentynes, 1-2 amines and 56-58 hydroxyl groups on the surface.
Synthesis of mannose-D-Cy5 (10)
The trifunctional dendrimer 8 was utilized to attach the targeting ligand, mannose; and imaging dye, Cy5 (Fig. 1C) . Mannose was clicked on the dendrimer first, followed by Cy5 due to the possibility of degradation of Cy5 under different chemical environments. The alkyne functions in dendrimer 8 were used to participate in click reaction with azido terminating mannose (5) under classical click conditions using copper sulfate and sodium ascorbate.
1 H NMR confirmed the formation of product revealing mannose protons and triazole protons ( Fig. 2A) . In addition, HPLC further confirmed the product formation showing a clear shift in the retention time (22.4 min, Fig. 2B ). Finally, the amine groups in dendrimer 9 were reacted with Cy5 NHS ester to attach Cy5 at the surface of the dendrimer through amide linkages to yield dendrimer 10.
1
H NMR depicted the appearance of signals of Cy5; and HPLC revealed the absence of any impurities in the final conjugate with a shift in retention time from 22.6 to 23.3 min ( Fig. 2A and B) . The imaging dye was attached through amide bond so that it would not cleave in vivo and remain intact to study the biodistribution of the dendrimer. The size and zeta potential of the conjugate were measured and found to be similar to D4-OH (Fig. 2C and Table 1 ). It is important to maintain the size and surface charge of the targeted conjugate close to the non-targeted D4-OH to keep other parameters similar while evaluating the effect of mannose conjugation on brain uptake.
Effects of the competitive binding of mannan and cell activation on uptake of D-Cy5 and mannose-D-Cy5
To investigate the ability of mannosylation to modify dendrimer biodistribution on a cellular level, we performed multiple in vitro assays utilizing RAW 264.7 murine macrophages, which have been shown to express CD206 in culture [48] . We initially performed experiments with LPS treatment at 100 ng/mL to induce an active phagocytic phenotype predominantly consisting of "pro-inflammatory" M1 state macrophages to maintain continuity between the cell studies and the animal model [49] . Cells were also treated with exogenous mannan at 100 μg/mL to saturate mannose receptors [50] [51] [52] , a combination of LPS and mannan treatments, or left untreated. D-Cy5 and Mannose-D-Cy5 were then applied to separate wells with each treatment in duplicate, after which cells were recovered, counted, lysed, and analyzed for Cy5 fluorescent content. Cells exposed to the same culture conditions, but in the absence of dendrimer were also employed to identify the levels of CD206 expression with mannan or LPS treatments through RT-qPCR.
The application of LPS to the culture system was meant to simulate the inflammatory microenvironment in the brains of rabbit kits with CP, which results in increased levels of TNFα, decreased levels of IL1β, and other cytokine changes also observed in CP kits [53] . Under these conditions, CD206 expression had yet to be analyzed by our group, but RT-qPCR results indicate that with either LPS or mannan treatments there is no significant change in CD206 expression in RAW 264.7 murine macrophages (Fig. 3A ) (Student's one-tailed t-test, p > 0.1, n = 4). RAW 264.7 cells do express a baseline level of CD206, and mannose receptor-mediated endocytosis is a cell entry pathway that has been implicated previously in dendrimer transport [54] , so we performed a competitive uptake assay to observe any effects of dendrimer mannosylation on cellular internalization with and without the competitive binding of mannan to CD206.
We observed that mannan pre/co-treatment resulted in a significant decrease in dendrimer uptake for Mannose-D-Cy5 compared to D-Cy5 in LPS-activated cells (Student's paired two-tailed t-test, p < 0.05, n = 6) (Fig. 3B) . Mannose-D-Cy5 was present in cells at levels~1.4 times higher than in untreated cells whereas D-Cy5 uptake in activated cells with mannan present represented a~2.5 fold increase from uptake in untreated cells. Additionally, when non-activated macrophages were pre-treated and co-treated with mannan, there was a trend indicating a lower uptake of Mannose-D-Cy5 as compared to D-Cy5 (Student's paired two-tailed t-test, p < 0.1, n = 6). Resting macrophages treated with mannan showed D-Cy5 levels~1.7 fold higher than levels in untreated cells, and Mannose-D-Cy5 levels were comparable to those of untreated cells, showing only a~1.1 fold increase.
We also performed preliminary competitive uptake studies with a pre-treatment of 5 mg/mL of mannan [55] for 10 min in addition to cotreatment for 12 h (data not shown), and while no significant differences were observed there was a trend indicating an increase in Mannose-D-Cy5 uptake in resting macrophages treated with this high dose of mannan, indicating that mannan itself could be an agonist of CD206. Human microglia have been shown to express mannose receptor in vitro [56, 57] , and these cells are implicated in many preclinical animal models of CNS disorders including glioblastoma [58] [59] [60] and traumatic brain injury [61, 62] . Therefore, these initial results with LPS-activated macrophages encouraged an investigation of the performance of mannosylated dendrimer in culture conditions where CD206 is overexpressed.
Identical culture conditions to the studies above were employed, but this time with exogenous IL-4 treatment replacing LPS treatment. IL-4 administered at a concentration of 20 ng/mL has been shown to increase mannose receptor expression previously in mouse microglial culture, but to confirm the effects of IL-4 on CD206 expression in these culture conditions with RAW 264.7 cells RT-qPCR was again performed on cells not receiving dendrimer treatment (Fig. 3C ). Cells were lysed at the endpoint of the dendrimer uptake studies, i.e. after 15 h of IL-4 exposure. Previous studies have shown that mannose receptor expression will vary over the course of treatment in BV-2 cells, so the levels of CD206 expression could differ over the course of the experiment [63] .
However, we observed a significant difference in CD206 expression in RAW 264.7 cells following 15 h of IL-4 treatment, expressing CD206 at levels almost 20 times higher than control cells (Student's one-tailed ttest, p < 0.05, n = 3). There was no significant effect of mannan treatment alone. Having confirmed that IL-4 treatment will help obtain CD206 overexpression, the competitive uptake studies were then redone with IL-4 activation replacing LPS activation. and not mannan for competitive binding, Mannose-D-Cy5 entered cells at levels~2.4 times higher than control cells whereas D-Cy5 only was present at levels~1.1 times that of control cells. There was no significant change in D-Cy5 uptake between the treatment conditions. Additionally, in both cases where mannan was introduced to culture to competitively bind to CD206, Mannose-D-Cy5 uptake levels were not significantly different from D-Cy5 levels (Student's two-tailed t-test, p > 0.1, n = 3). The effects seen through fluorescence spectroscopy and RT-qPCR were confirmed through confocal microscopy of cells exposed to all four culture conditions and both types of dendrimer (Fig. 3E) . These images clearly show that IL-4 increases the expression Table 1 Dynamic light scattering (DLS) and Zeta potential (ζ) measurements of D4-OH and D4-Mannose-NH 2 of CD206 in RAW 264.7 culture, as well as the heightened uptake of dendrimer when IL-4 treated cells were exposed to Mannose-D-Cy5. The fact that only Mannose-D-Cy5 demonstrated an increase in cellular internalization with IL-4 treatments indicates that the treatment does not necessarily cause the cells to increase their phagocytic behavior. However, the increased uptake of mannosylated dendrimer in the case where CD206 is overexpressed and no mannan is introduced to competitively bind with the ligand indicates that Mannose-D-Cy5 uptake is more highly regulated by mannose receptor than unmodified dendrimer. When mannan is introduced to cells overexpressing CD206, Mannose-D-Cy5 uptake drops to baseline levels, which could be explained if the dendrimer can still employ the other methods of cell entry it has been known to utilize [54, 64] . These data seem to indicate that the conjugation of mannose to the dendrimer surface gives it an enhanced ability to target mannose receptors, while not impeding the dendrimer's natural ability to employ other fluid-phase endocytic routes of entry into the cell. This could then give mannosylated dendrimer an advantage at internalizing in CD206 expressing macrophages and microglia. Much of our previous work has been dedicated to the analysis of the effects of D4-OH in this CP model [18, 19, 43, 65] , and through this study the goal is to advance that work by performing the most detailed analysis yet of the biodistribution on both an organ and cellular scale. This began with the sacrifice of kits at 1, 4, and 24 h after injection to investigate the retention and removal of dendrimer throughout the body over time (Fig. 4A ). Brains were micro-dissected for 3 subregionscortex, hippocampus, and periventricular region, through microdissection to enable a more detailed understanding of local dendrimer biodistribution within the brain (Fig. 4B ). This is a modification of our group's previous methods, which either treated the brain as one organ or only analyzed dendrimer concentration in a few specific regions [19, 22, 66] . The advantage of microdissection is that it allows the evaluation of how the dendrimer is partitioning within the brain and if it is actually arriving at areas of clinical importance for the disease model under investigation. The regions were chosen for their importance in the cerebral palsy model. Generally, in this model activated microglia are observed in the periventricular region, white matter, and the hippocampus [18] . We analyzed uptake in the cortex as it is presumed to be less involved in this model and would allow for a relative comparison of the dendrimer uptake.
In addition to overall organ (and suborgan) dendrimer uptake, areas of interest were investigated at a cellular level out of concern for the specific types of cells the dendrimer was entering. What we found was majorly in congruence with our group's previous results that dendrimer mostly targets activated macrophages and microglia within the brain [67] , but we also found dendrimer in non-macrophage cells. In the liver dendrimer was observed in cells that did not stain positive as either Kupffer cells or hepatocytes (data not shown), leading us to believe that they were residing in sinusoidal endothelial cells. While this begins to paint a more detailed picture, there is still much to be explored concerning the cellular biodistribution of dendrimer in many organs, which could lead to novel applications of the dendrimers for delivering therapies to not only activated microglia and macrophages.
3.3.2. Mannose conjugation did not affect the dendrimer uptake and cellular localization in the injured brain D-Cy5 and Mannose-D-Cy5 uptake within the brain were evaluated quantitatively and qualitatively. When quantifying uptake of both dendrimer conjugates, the PVR, hippocampus and cortex were measured individually as described above. These analyses demonstrated that the conjugation of mannose to the dendrimer did not alter delivery to the brain (Fig. 4C) . Across all regions of the brain that were analyzed through microdissection followed by fluorescence spectroscopy, there were no significant differences (for treatment p > 0.2 in all three regions) between the uptake of Mannose-D-Cy5 and D-Cy5. Based on previous results we expect to extract about 1 μg of dendrimer per gram of tissue in the brain [65] . While this is possibly true for a whole-organ average, we saw that in the hippocampus dendrimer reached concentrations of about 2 μg per gram of tissue. Additionally the PVR expressed dendrimer concentrations at over 3 μg of dendrimer per gram of tissue, which is almost double the levels found in cortex. With similar levels across all subregions and time points, we believe that the conjugation of mannose impedes neither D4-OH's movement into the injured brain nor uptake by activated microglia/macrophages. The increased removal of Mannose-D-Cy5 over time as compared to D-Cy5 could be explained by the local biodistribution in the brain based on the cells Mannose-D-Cy5 targets or the decreased plasma levels resulting in lower Mannose-D-Cy5 concentration in the PVR over time. Regardless this result is not concerning as there was still enough dendrimer present to be clinically relevant throughout the regions analyzed [19] and there was no statistically significant difference between Mannose-D-Cy5 and D-Cy5 levels in the cortex and hippocampus.
In this rabbit model of cerebral palsy, we consistently see dendrimer uptake in white matter and the PVR of the neonatal brain as these have the most concentrated populations of activated microglia [18, 22] . Thus, we examined the PVR in rabbit kits injected with Mannose-D-Cy5 and D-Cy5 using fluorescent confocal microscopy. Fixed and preserved brain sections were stained for the identification of microglia/macrophages (Iba1) and mannose receptor (MR), and then imaged on a confocal microscope. We see similar patterns of uptake throughout this region. Both Mannose-D-Cy5 and D-Cy5 are present in the choroid plexus within the lateral ventricle, around the lateral ventricle in the periventricular region (Fig. 5) . These microglia/macrophages that we are able to target using dendrimers are most likely of a pro-inflammatory phenotype as in these regions we see increased levels of TNFα and IL-6 [68] , both pro-inflammatory cytokines. This suggests that the conjugation of mannose does not negatively impact the uptake of dendrimer into already preferred cells.
This model of cerebral palsy is generally indicated as a model of chronic pro-inflammatory response; however, mannose receptor is down-regulated in pro-inflammatory states and up-regulated in antiinflammatory states [69] which suggests that we must look elsewhere within the brain of these endotoxin-exposed kits to determine if the conjugation of mannose alters uptake of dendrimer in MR+ cells. Thus we decided to look at a cell population with increased mannose receptor density. The meninges (the protective outer covering of the brain) have a high concentration of mannose receptor-positive microglia and macrophages [25, 70] . When looking at meningeal Iba1+ cells, we see a high proportion of MR colocalization. Both Mannose-DCy5 and D-Cy5 are readily taken up into MR+ microglia/macrophages (Fig. 6 ). This suggests that the addition of Mannose to D4-OH does not alter the rate of uptake in cells that express MR in this model of cerebral palsy.
Conjugation of mannose alters the biodistribution of PAMAM dendrimers in major organs
The relative levels of non-targeted dendrimer in the major organs in this study is in broad agreement with previous work published by our group as well as other work on the biodistribution of PAMAM dendrimers [19, [71] [72] [73] [74] . Quantitative analysis of the internal biodistribution demonstrated a significantly different localization of the dendrimers when a few (5-6) molecules of mannose were conjugated to the surface (Fig. 7) . There was a significant increase in overall Mannose-DCy5 uptake as compared to D-Cy5 uptake in the liver (F (1,35) nose-D-Cy5 accumulates higher in the liver, which contains 3.55% of the injected dose of dendrimer within an hour and increases to 8.59% by 24 h. Unmodified D-Cy5 has a much lower concentration in the liver with a maximum uptake of 1.35% of the injected dose at 4 h after injection. This indicates that conjugating just a few molecules of mannose to the dendrimer changed how the dendrimer interacts with different cells, showing a preference for uptake in the liver when normally D4-OH is cleared through the kidney [67] . Mannose receptor-expressing cells exist in high quantities in the liver [75, 76] , of which sinusoidal endothelial cells (SECs) are a significant population and have been shown to highly express MR. [77] In confocal imaging of liver slices from rabbits injected with Mannose-D-Cy5 (data not shown), the cells with Mannose-D-Cy5 uptake did not stain for Kupffer cell or hepatocyte markers, indicating their likelihood of being SECs. This further shows that the conjugation of mannose to the dendrimer surface modified how dendrimers bind to cell surfaces and are taken up, significantly increasing the dendrimer's preference for uptake by MR expressing cells, through most likely mannose receptor-mediated endocytosis. Serum levels for Mannose-D-Cy5 were also significantly lower than D-Cy5 over time, starting at just 1.8 fold lower and becoming over 11 fold lower by 24 h. The rapid removal of Mannose-D-Cy5 is probably due in a large part to the accumulation of Mannose-D-Cy5 in the liver, giving insight into the delicate balance between dendrimer circulation and clearance. These findings demonstrate that while the addition of mannose significantly alters overall biodistribution of G4 PAMAM dendrimers, it does not meaningfully affect uptake to microglia and macrophages in this model of cerebral palsy. In the rabbit CP model, there was not an appreciable increase in the mannose-receptor on glia, upon injury. However, it may be that in a disease model with more anti-inflammatory processes and mannose receptor involvement there may be an enhanced uptake and microglia localization of Mannose-D-Cy5 within the CNS. Moreover, the conjugation of other targeting ligands could allow these dendrimers to be tailored to treat a variety of inflammatory diseases, not limited to just the CNS disorders for which they are being investigated today [21-23, 37, 78] .
Conclusions
We have demonstrated an efficient and facile synthetic approach based on highly robust and orthogonal CuAAC click reaction to modify the surface of PAMAM hydroxyl-terminated dendrimers from monofunctional to trifunctional having a combination of hydroxyl, alkyne and amine functionalities. The trifunctional dendrimer developed here is a potential platform to conjugate a combination of variety of therapeutic molecules, fluorescent dyes and targeting agents, potentially allowing simultaneous, targeted imaging and treatment of a disease. We successfully conjugated both mannose and Cy5 on the dendrimer Fig. 6 . Colocalization of Cy5 signal in mannose receptor positive (MR+) microglia/macrophages within the meninges 24 h post-injection. To determine if dendrimer uptake was altered by mannose addition, microglia/macrophages (Iba1; green) were co-stained for mannose receptor were tagged (MR, red). MR is found in high density within the meninges. Upon examination it seems both D-Cy5 and Mannose-D-Cy5 (magenta) show uptake in MR/Iba1 double-positive cells (white arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) surface to study the effect of mannose conjugation on the biodistribution of hydroxyl PAMAM dendrimer. Our results suggest that the conjugation of targeting ligand to the dendrimer surface drastically impacts the way that cells interact with dendrimers, as the conjugation of mannose to the dendrimer increased its preference for uptake through mannose receptor-mediated endocytosis. The conjugation of mannose to the dendrimer revealed that targeting ligands have appreciable potential in this field, demonstrating an ability to alter how generation 4 hydroxyl-terminated PAMAM dendrimers interact with individual cells throughout the body while not diminishing the dendrimers' inherent targeting of neuroinflammation. The presence of CD206 expression in this CP model seems to be lower than previously thought as there were no changes in brain uptake with the addition of mannose to the dendrimer although we did observe a more global change in biodistribution. Further investigation of these findings leads us to believe that the addition of mannose for enhanced dendrimer targeting would be most beneficial in conditions in which CD206 is enhanced greatly as in glioblastoma. Dendrimers have already been shown to be adept at targeting neuroinflammation within the brain, but with the advent of trifunctional dendrimers and the proof that targeting can modify biodistribution and cell-dendrimer interactions, the potential for dendrimer application in theranostics only continues to expand. 
